Background: Medullary thyroid carcinoma (MTC) is rare. Nationwide population-based studies are important to evaluate its clinical course. Objectives: To describe all patients with MTC in Norway during 1994-2016 and compare timerelated trends in diagnostics and surgical treatment, including prognostic factors for biochemical cure and diseasespecific survival (DSS). Methods: This retrospective population-based cohort study includes data for 228 out of 237 patients (96%) with MTC; 201 patients were surgically treated. Patients were identified in the 4 regional centers treating MTC and by the Cancer Registry of Norway. Data were collected from patients' files. Trends were compared over 2 study periods. Results: MTC accounted for 4.2% of thyroid carcinomas. During the study periods, the incidence increased from 0.18 to 0.25: 100,000 per year, preoperative diagnostics improved with increased use of calcitonin, ultrasound, and fine-needle cytology (p = 0.010, p < 0,001, and Jan Erik Varhaug died on December 14, 2017.
Introduction
Medullary thyroid carcinoma (MTC) accounts for 1-10% of thyroid malignancies in major studies [1] [2] [3] [4] . MTC occurs sporadically in 75% of the patients. In 25% of the patients, MTC is hereditary and a part of multiple endocrine neoplasia type 2A (MEN2A) (90-95%) and type 2B (MEN2B) (5-10%), autosomal dominant syndromes caused by a germline mutation in the REarranged during Transfection (RET) proto-oncogene [1, [4] [5] [6] [7] [8] .
Major studies have shown that age at the time of diagnosis and tumor stage are the most important prognostic factors regarding cure and survival, with reported 5-and 10-year disease specific survival (DSS) rates of 76-99 and 70-87% [1, [9] [10] [11] [12] [13] [14] [15] .
During the last decades, preoperative diagnostics have improved due to better sensitivity and increased use of biochemical, radiological, and cytological examinations, hence making MTC diagnosis possible at lower tumor stages [3, 12, 13] . Calcitonin is a good tumor marker in diagnostics and follow-up.
Surgery is the only means of potential cure for MTC. To obtain a biochemical cure, it should be performed at an early stage of the disease and to a sufficient extent [3, 4, 16, 17] .
In Norway, the handling of MTC is regionalized and since 1953 it has been mandatory that all cancer diagnostics as well as treatment be reported to the Cancer Registry of Norway, allowing population-based cohort studies. Studies of hereditary MTC in Norway from overlapping time periods but with different objectives have been reported earlier [18, 19] . The present study aims to describe all patients with MTC (both sporadic and hereditary) in
Norway from 1994 to 2016 and compare time-related trends in diagnostics and surgical treatment, including prognostic factors for biochemical cure and DSS.
Materials and Methods
This nationwide, population-based retrospective cohort study covers all patients with sporadic and hereditary MTC initially found in clinical, genetic, and histopathological registrations in the 4 regional centers treating MTC during 1994-2016, as well as all patients registered with MTC in the Cancer Registry of Norway during the same time period. Figure 1 presents a flow chart of inclusion and exclusion. Surgical treatment was not performed in 27 patients due to locally advanced or disseminated disease, other advanced diseases, or old age in 22 patients. In 5 patients, MTC was diagnosed by autopsy. Those patients were excluded from this study.
This study used data from the Cancer Registry of Norway. The interpretation and reporting of these data are the sole responsibility of the authors, and no endorsement by the Cancer Registry of Norway is intended or should be inferred.
Data was collected from patient files. The censoring date for follow-up data was March 1, 2017. To evaluate changes in diagnostics and treatment of MTC, this study covers 2 time periods, i.e., 1994 to June 2005 and July 2005 to 2016.
Completed primary surgery was in this study defined as one or more surgical procedures within the first year. Regular follow-up included calcitonin analysis and ultrasound of the neck. Radio- logical and nuclear medical examinations were performed upon indication. Follow-up was generally performed early postoperatively, every 3-6 months in the first postoperative year, and then once a year. However, the frequencies have varied depending on the patients' biochemical and clinical status. Biochemical cure was evaluated after completed primary surgery. The lowest measured calcitonin value after completed primary surgery and before known disease progression and recurrent treatment was used to evaluate biochemical cure.
Biochemical, Genetic, and Histopathological Analysis
Calcitonin was analyzed by routine immunoassay in 2 laboratories, i.e., Oslo University Hospital (OUH) (Oslo, Norway) and Haukeland University Hospital (HUH) (Bergen, Norway). The assays, especially the limits of detection which varied from < 2.0 to < 1.0 pmol/L before 2003, have changed over time. From 2003 calcitonin was analyzed using Immulite ® (Siemens), with detection limits varying from < 1.5 to < 1.0 pmol/L; from 2007 the detection limit was < 0.6 pmol/L, and from 2015 it was analyzed at OUH using Roche COBAS
® Module E, with a limit of detection < 0.3 pmol/L. After total thyroidectomy, biochemical cure was defined as no calcitonin detected with the assay used, and after lobectomy it was defined as calcitonin within reference values at OUH < 2.1 and < 3.1 pmol/L and at HUH < 1.6 and < 2.2 pmol/L in females and males, respectively. In the present study, 3.0 pmol/L was used as the cutoff value for both sexes.
RET mutation analysis followed international standards, using reference sequences NM_020975.3 and NM_020975.4.
MTC tumor stage was classified according to the American Joint Committee of Cancer tumor-node-metastasis (TNM) classification, 7th edition (UICC 2010), the current classification during data collection [20] . At the primary surgery, pTNM was defined as the total pTNM after the primary surgery. When indicating the MTC tumor stage, an unknown preoperative metastatic status (Mx) and no lymph node dissection (Nx) were interpreted as no metastasis (M0) and no metastatic lymph nodes (pN0) in the patients who achieved biochemical cure after the primary surgery.
Statistics
Data were analyzed using SPSS software (SPSS for Windows, version 25). For continuous variables not following normal distribution, a non-parametric test for independent samples (MannWhitney U test) was used. Group differences and associations between categorical variables were analyzed using the Pearson χ 2 two-sided test. Prognostic factors for postoperative biochemical cure were explored by univariate analysis and by multivariate analysis using logistic regression. DSS were analyzed via Kaplan-Meier survival analysis, with the log-rank test applied to explore differences in univariate analyses. For multivariate survival analysis, proportional hazards regression analysis (Cox) was applied, with the Omnibus test as an lratio (likelihood ratio) test for differences. p < 0.05 was considered statistically significant.
Study Approval
The Regional Committee for Medical and Health Research Ethics (REC) of Western Norway approved this study. All of the patients included, or their parents if the patients were children, gave written informed consent. Furthermore, REC granted permission to include deceased patients.
Results

Epidemiology
During 1994-2016, the Cancer Registry of Norway recorded 5,610 patients with primary thyroid carcinoma [21] , among these, MTC accounted for 4.2% (237 patients) of the cases. The average population in Norway per year in the first and second study period counted 4,461,741 and 4,897,386 citizens, respectively [22] . Annually, an average of 10.3 patients were diagnosed with MTC, i.e., 8.2 patients (of a total of 94) and 12.4 patients (of a total of 143) in the first and second period, respectively. The average incidence rate was 0.22 per 100,000 person years (1: 456,964 persons per year). It increased from 0.18: 100,000 in the first period to 0.25: 100,000 in the second.
Of all of the MTC patients, the RET mutation was found in 37 patients (18%); 32 patients (86%) were ME-N2A and 5 (14%) were MEN2B. On the censoring date, RET mutation analysis was not performed in 44 surgically treated patients (22%). Table 1 presents the characteristics of the 201 surgically treated patients in this study. Division into 2 study periods enabled the evaluation of time-related trends in diagnostics and treatment of MTC. Compared to the first period, the second period displayed a significant increase in the use of preoperative diagnostics as follows: calcitonin, 73 versus 55% (p = 0.010), ultrasound of the neck, 99 versus 60% (p < 0.001), and fine-needle cytology, 91 versus 74% of the patients (p = 0.001). The patients were diagnosed at an earlier tumor stage, with tumor stage IV in 35.5 versus 61% of the patients (p = 0.004), and more patients achieved biochemical cure (i.e., 58 vs. 35%, p = 0.002).
Clinical and Histopathological Characteristics
Lobectomy was performed in 26 (13%) of the surgically treated patients (Table 1) ; in 9 patients, due to palliative surgery, old age, and no contralateral disease at imaging and paresis of the recurrent laryngeal nerve, and in 17 patients, lobectomy was considered sufficient thyroid surgery. Of the 26 patients, 14 had lymph node dissection in the ipsilateral central neck, 5 had lymph node dissection in the ipsilateral lateral neck, and 1 had lymph dissection in the bilateral lateral neck. In 11 patients, no lymph node dissection was performed. Tumor stages I, II, and IV and an unknown stage was found in 9, 7, 7, and 3 patients, respectively. After a median follow-up of 22 months (range 1-124), 13 patients were biochemically cured, 4 had biochemical disease without structural disease on imaging, 2 had clinical disease, and 7 had died, including 4 due to MTC. DOI: 10.1159/000493977 (78) 175 (87) 26 (13) 173 (86) 169 (84) 55 (27) 30 (15) 1 (1-4) 187 (93) (66) 70 (96) 3 (4) 65 (89) 61 (84) 24 (33) 12 (16) 1 (1-4) 63 (86) (85) 105 (82) 23 (18) 108 (84) 108 (84) 31 (24) 18 (14) 1 (1-3) 124 (95) 20 (1-125) 25 (20) 99 (80) 121 (95) 86 (71) 27 (22) 8 (7) 108 ( Values are presented as numbers (%), means ± SE, or medians (range) unless otherwise stated. TT, total thyroidectomy; CND, central lymph node dissection in the neck; LND, lateral lymph node dissection in the neck; ND, lymph node dissection; pN1, metastatic lymph nodes. 1 Only patients with available data were included in the analysis. 2 Includes CT, MRI, PET, scintigraphy, ultrasound of the liver, and chest X-ray. 3 Unilateral CND in 8 patients in the first period and 17 patients in the second period. 4 Available information in 69 (95%) and 125 (98%) patients in the first and second periods, respectively. (34) 53.5 28 (29) 68 (71) 55 (57) 90 (94) 80 (83) 24 (25) 72 (75) 16 (17) Values are presented as numbers (%) or medians (range). Information was available for 194 of 201 surgically treated MTC patients, and postoperative calcitonin was analysed in 193 patients. In 1 patient calcitonin was not measured, but the patient had persistent clinical disease and was not cured. Only patients with available data were included in the univariate analysis. TT, total thyroidectomy; CND, central lymph node dissection in the neck; LND, lateral lymph node dissection in the neck; pN1, metastatic lymph nodes. 1 Postoperative biochemical cure was defined as a basal calcitonin below the limit of detection after total thyroidectomy and basal calcitonin within the normal range when lobectomy alone was performed. 2 One patient with total thyroidectomy and tumour stage pT2N0 had postoperative calcitonin 0.4 pg/mL, and the patient was categorized as cured.
3 CND was ipsilateral in 13 patients, and LND was ipsilateral in 5 patients and ipsi-and contralateral in 1 patient. 4 Ipsilateral in 2 and 6 patients in the cured and not cured groups, respectively. 5 CND was not performed in 1 and 3 patients in the cured and not cured groups, respectively. 6 All with ipsilateral lateral lymph node metastasis.
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Biochemical Cure Analysis Of the 194 patients with available information, 96 (49%) achieved biochemical cure. Prognostic factors for biochemical cure were analyzed by univariate analysis, and multivariate logistic regression models were created to evaluate prognostic factors in patients with metastatic lymph nodes among the patients with available datasets (Tables 2, 3 ). The relation between metastatic lymph nodes and the total number of dissected lymph nodes was, by univariate analysis, also evaluated in the patients with metastatic lymph nodes only. It was significantly lower in the cured patients compared to the not cured patients (p < 0.001). In the adjusted multivariate analysis, independent prognostic factors for biochemical cure were found to be a low ratio of metastatic and dissected lymph nodes (p = 0.021) prior to the absence of extrathyroidal extension (p = 0.030), with corresponding low OR for not achieving biochemical cure in these patients (OR 0.008 and OR 0.151; Table 3 ).
Survival Analysis
After a median postoperative follow-up of 5.2 years (range 0.1-22.1), 27 patients (13.5%) died due to MTC, 25 patients had tumor stage IV, and 2 patients had an unknown tumour stage. The 5-and 10-year DSS was 88 and 82%, respectively. The 5-year DSS improved during the 2 study periods from 84 to 90%. The difference was not significant (p = 0.172), but the postoperative follow-up was shorter (Table 1) . Eighty patients had tumor stage IV; 49 (61%) patients had stage IVa+b (M0) and 14 patients (18%) had stage IVc (M1), with a significant difference in 5-year DSS between the 2 groups (89 vs 37%, p < 0.001; Fig. 2 ). In 17 patients (21%) with Mx, it was impossible to differentiate between stage IVa+b and stage IVc. A Cox regression model was created to analyze DSS in the patients with metastatic lymph nodes based on available data (Table 4) . Independent prognostic factors for DSS were found to be: no distant metastasis (p = 0.005, HR 206.58), a younger age at thyroid surgery (p = 0.020, HR 1.09), and a low ratio of metastatic and dissected lymph nodes (p = 0.022, HR 2001.61).
Discussion
Preoperative diagnostics have significantly improved over the last decades. MTC was detected earlier, with a higher proportion of tumor stage I disease, and more patients achieved biochemical cure in the second study period.
This nationwide MTC population study in the molecular RET era covers 96% of all Norwegian patients treated for MTC from 1994 to 2016. Data collection combined with data from the Cancer Registry of Norway made this population-based study possible and complete with minimal to none selection bias. This adds great strength to this study.
MTC accounted for 4.2% of thyroid malignancy in Norway. The frequency is in the middle of the 1-10% reported by older and more recent international studies [1, 3] , and it is slightly higher compared to the frequency of 3.8% for 1970-1985 in Norway [2] . The increased inci- dence, i.e., from 0.18 to 0.25: 100,000 person years, in the first and second study periods is higher than that reported in 1985 by Akslen et al. [2] (i.e., 0.15: 100,000 person years). Gatta et al. [10] reported in 2006 a world standardized incidence of 0.13 and a calculated incidence between 0.11 and 0.21 per 100,000 person years.
During the last decades, new diagnostic centers for patients with nodular thyroid disease permit ultrasound of the neck, fine-needle cytology, and biochemical and clinical evaluations by a multidisciplinary team. The result is early diagnosis at a lower tumor stage as well as an increase in incidence. Furthermore, widespread use of ultrasound might be a major causal factor to initiate elucidation of small thyroid nodules. In the present study, ultrasound before surgery was a significant prognostic factor in favor of biochemical cure by univariate analysis (Table 2) but not by multivariate analysis in the selected group of patients with metastatic lymph nodes (Table 3) . Calcitonin analysis was performed more frequently in the second study period, but it was not a significant prognostic factor in favor of biochemical cure either by univariate or by multivariate analysis (Tables 2, 3 ). Major studies have assessed calcitonin screening at the time of diagnostic evaluation of thyroid nodules. The studies found that MTC was diagnosed at a significantly lower tumor stage with better outcomes when calcitonin was analyzed [23, 24] , and it was cost-effective [25] . The national guidelines in Norway do not recommend calcitonin screening in general. However, calcitonin analysis should be considered for patients with thyroid nodules undergoing thyroid surgery [26] .
The number of patients who underwent RET mutation analysis improved significantly in the second study period compared to the first (85 vs. 66%). It is recommended that RET mutation analysis be offered to patients with MTC [3, 26] .
Lobectomy was performed more frequently in the second study period. Patients with MTC diagnosed after lobectomy with normalized calcitonin and a normal neck ultrasound have been monitored consistently with ATA guidelines [3] .
Among patients with metastatic lymph nodes, the number of metastatic lymph nodes was significantly higher in patients without biochemical cure compared to the cured patients, but the number of dissected lymph nodes was not. Furthermore, by multivariate analysis the ratio of metastatic and dissected lymph nodes was found to be a significant prognostic factor for both biochemical cure and DSS. This validates the importance of meticulous lymph node dissection to achieve a low ratio in pa- tients with metastatic lymph nodes. The higher the number of dissected lymph nodes is, the lower the risk of leaving metastatic lymph nodes behind is. This is consistent with other studies emphasizing the importance of systematic and meticulous lymph node dissection in MTC [27] [28] [29] . In a population-based but not a nationwide study by Qu et al. [30] , a higher ratio was found to predict an inferior survival in MTC. Leggett et al. [31] made the same observation, but not in an analyzed subgroup of patients with lymph node metastasis.
In the present study, the average tumor diameters observed in the 2 periods studied were the same. This is consistent with Torresan et al. [12] and Hirsch et al. [32] . Furthermore, Kazaura et al. [33] concluded that micro-MTC does not always mean an earlier tumor stage, and that smaller tumors have significant rates of poor prognostic features known to impact the survival of patients. By multivariate analysis, tumor diameter was not found to be significantly prognostic for either biochemical cure or DSS in the present study. Furthermore, significantly less extrathyroidal cancer extension, as well as a higher proportion of tumor stage I and tumor of less than stage IV, was found in the second study period. Extrathyroidal extension was an independent prognostic factor for biochemical cure. These findings both concur with and diverge from previous studies. Machens and Dralle [34] found a significant reduction in the extent of disease and improved biochemical cure with time, while Randle et al. [13] found a significant reduction in tumor diameter and extrathyroidal extension but no reduction in tumor stage over time. In studies by de Groot et al. [9] and Modigliani et al. [11] , extrathyroidal extension and stage were found to be the only prognostic factor for biochemical cure.
The present study reports 5-and 10-year DSS of 88 and 82%. This is in line with DSS reported in recent studies [12, 13] but higher than those reported by older studies [9] [10] [11] . However, the study of Kebebew et al. [1] reported 5-and 10-year DSS of 89 and 87%, respectively.
There are certain limitations to the present study. The lack of information and missing variables in the first study period may limit this study, including the possibility of stage migration. In the multivariate analysis, the reduced number of patients with complete datasets may constitute a limitation. Furthermore, calcitonin analysis became more precise and sensitive in the second study period. Recent histopathological reports contain more detailed information than earlier reports. Additionally, in recent years, examinations of the specimens have become more extensive to include all nonmetastatic lymph nodes. This may have influenced the ratio of metastatic lymph nodes and total number of dissected lymph nodes. However, the number of dissected lymph nodes did not differ significantly in the 2 periods. Furthermore, the ratio is a composed parameter. This might make the variable difficult to interpret as the ratio increases with increasing numbers of metastatic lymph nodes and decreasing numbers of dissected lymph nodes. However, the higher the number of dissected lymph nodes is, the lower the risk of leaving metastatic lymph nodes behind is, which is still applicable.
In conclusion, better preoperative diagnostics in patients with MTC have improved disease control in Norway. The ratio of metastatic lymph nodes and total number of dissected lymph nodes is an independent prognostic factor for both biochemical cure and DSS. Attention must continue to be paid to systematic compartment-oriented lymph node dissection and it must be further perfected.
